In the one-step manufacturing process for fiber metal laminate parts, the so-called in situ hybridization process, the fabrics are interacting with metal blanks. During deep drawing, the liquid matrix is injected between the metal sheets through the woven fiber layers. The metal blanks can be in contact with dry or with infiltrated fibers. The formability of the blanks is influenced by the variation of the starting time of injection. The reason for that is that, due to high contact forces, the fibers are able to deform the metal surface locally, so that movement and the strain of the blanks is inhibited. To investigate the influence of different fibers on the formability of metals, Nakazima tests are performed. In these tests, two metal blanks are formed with an interlayer of fibers. The results are compared with the formability of two blanks without any interlayer. It is shown that in with fibers between sheets, the formability decreases compared to the formability of two metal blanks without interlayers. Based on a simplified numerical model for different types of fibers, the interactions of the fibers with the metal blank are analyzed. It could be shown that the friction due to contact has more influence than the friction due to the form fit caused by the imprints.
Introduction
The application of fiber metal laminates started in the aircraft industry in the 1980s with the use of Glare, as described by Vlot (2004) [1] , and with the use of Arall, shown by Vogelesang (1983) [2] , two products invented in the Netherlands for structural components to increase the impact behavior and to reduce fuel consumption. Today, the products with aluminum and glass fiber-reinforced plastics (Glare), or with aramid fiber reinforcement (Arall), are still used in modern aircrafts, like the Airbus A380. Non-complex and smooth curved parts are manufactured by layup techniques, where the layup is vacuum bagged, and the curing occurs in an autoclave chamber without the possibility of subsequent forming operations. In [3] , Vogelesang and Gunnink described the forming of Arall parts by using folding techniques or peening. In the 1980s, the automotive industry also started to use metal-polymer-metal products for body-in-white components, to decrease the total weight, as described by Miller (1980) [4] , driven by the increase of the oil prices. Semi-finished materials, i.e., by Toshiaka et al. (1983) [5] , or even the process for their manufacturing were patented, i.e., by Soellart-Roelofsen and Bottema (1994) [6] . Nowadays, with the increased use of thermoplastics as matrix, fiber metal laminates become more and more advantageous to increase safety and to reduce weight. Here, two types of fiber metal laminate
Unsymmetrical Layup
For the manufacturing of fiber metal laminates with an unsymmetrical layup, one-step and multiple-step processes exist. In the investigations of Dau et al. (2011) [9] , a method is shown for manufacturing unsymmetrical layups by a multiple-step process. After the forming process of a metal sheet, a softened pre-impregnated fiber reinforced plastic (prepreg) is formed into this metal sheet. The bonding occurs chemically by adhesive forces. Another process route is shown by Lee et al. (2016) [10] , where a stack of prepreg and flat metal sheet is deep drawn simultaneously in one forming tool. With both methods, it could be stated that wrinkles in the flange area and material accumulation can occur, caused by the viscous and soft matrix. When forming the unsymmetrical layup sheets, a high degree of squeezing or delamination can occur. Due to a lot of challenges that are faced when manufacturing unsymmetrical fiber metal laminates, a new method was introduced by Wang et al. (2014) [11] for the purpose of handling these challenges. 3-dimensional preforms are used instead of prepregs. The 3-dimensional preform is positioned onto the formed blank. After the mold is closed, a resin is injected and infuses the fibers. The adhesive bonding is reached through chemical interactions between the surfaces of the metal and the plastic.
As the manufacturing of fiber metal laminates still faces challenges, the in situ hybridization process has been developed and introduced in [12] for the first time. In this process, conventional layers of metal sheets and woven fibers are used and stacked in the forming tool. By using a resin transfer molding device, the non-polymerized and liquid matrix is injected during forming between the sheets to infiltrate the fibers. One benefit of this method is the manufacturing of more complex shapes, due to better infiltration and the possibility of injecting until the end of the forming process to ensure a more homogeneous part thickness. As a low viscous matrix is used in this process, which is easier to squeeze out and due to the possibility to inject after the forming process has started, the fibers are able to be in a direct contact with the metal surface. In the methods mentioned above, higher viscous polymers as matrix systems are used, which have more resistance to squeezing out. Therefore, the risk of direct contact between fibers and blanks is decreased. Hence, there is a lack of knowledge about the interactions of fibers and metal surface. Therefore, the influence of the fibers on the formability of blanks needs to be investigated.
Aim and Approach
The in situ hybridization process combines two processes into one step for the manufacturing of fiber metal laminates. As shown in [12] , two different strategies could be applied. Forming of fiber metal laminates can be conducted by deep drawing and resin transfer molding, or deep drawing and wet pressing. In the case of combination of deep drawing with the thermoplastic-resin transfer molding process (T-RTM), it is possible to inject independently from the deep drawing depth. The process principle is shown in Figure 1 . First, to realize better adhesion, the surfaces of the blanks are pretreated by using chemical as well as mechanical methods, like the use of a primer or grinding. After staking Figure 1 . Process steps of the in situ hybridization process [12] .
Hence, the polymer is injected between the blanks through the punch and, through a hole in one blank, a radial infiltration can be ensured. Regarding sealing conditions, it is better to start the injection with advanced deep drawing depth to realize a gap-free contact between blank and punch. This prevents a loss of polymer between blank and punch at the beginning of the deep drawing process. When starting the injection with further deep drawing depth, dry fibers get in contact with the blanks' surfaces at the beginning of the forming process. Additionally, this effect also occurs even with high contact pressure between infiltrated fibers and metal blank. A squeezing from the matrix out of the fibers can occur, so that fibers are directly in contact with the blanks as well. The direct interaction of fibers with the blanks' surfaces can influence the formability. No investigations exist regarding the direct influence of fibers on the formability of sheets. This makes it necessary to analyze the influence for the in situ hybridization process or for further fiber metal laminate manufacturing processes.
To analyze the influence of fibers on the formability of metal blank, several investigations on the laminates under different loading conditions have been performed. In a first step, Nakazima tests are performed with several interlayers. The influence of different types of fibers, in a dry or in a resin-infiltrated condition, on the formability of the metal blank, is investigated. With a modified numerical model, the experimental results and the physical reason for the influence are analyzed and validated.
Materials Specifications
For the analysis of the interaction, three types of glass fibers and one aluminum alloy are selected. The aluminum alloy 5182 H111 with a thickness of 1.0 mm is a common material for body-in-white in the automotive industry. Based on the twill woven type fiber Interglas 92125 with a specific weight of 280 g/m 2 , a twill woven glass fiber with a reduced specific weight of 80 g/m 2 and a plain woven fiber with a specific weight of 280 g/m 2 are chosen. To analyze the interaction between the fabric and the metal sheet, and to consider the fabrics in a numerical model, their geometrical parameters based on the yarn description, thread count, and fiber compaction are necessary. These parameters are described in the following sections.
Twill Woven Fabric
Two twill woven type of fibers are chosen. They differ in their specific weight, which leads to different geometries. The material parameters of the glass fibers can be seen in Table 1 . For the heavier type, the warp yarn is carded. For both fabrics, the weights of warp and weft yarn do not differ within the fabric, with values of 204 tex and 34 tex, respectively. The thickness is measured with a Hence, the polymer is injected between the blanks through the punch and, through a hole in one blank, a radial infiltration can be ensured. Regarding sealing conditions, it is better to start the injection with advanced deep drawing depth to realize a gap-free contact between blank and punch. This prevents a loss of polymer between blank and punch at the beginning of the deep drawing process. When starting the injection with further deep drawing depth, dry fibers get in contact with the blanks' surfaces at the beginning of the forming process. Additionally, this effect also occurs even with high contact pressure between infiltrated fibers and metal blank. A squeezing from the matrix out of the fibers can occur, so that fibers are directly in contact with the blanks as well. The direct interaction of fibers with the blanks' surfaces can influence the formability. No investigations exist regarding the direct influence of fibers on the formability of sheets. This makes it necessary to analyze the influence for the in situ hybridization process or for further fiber metal laminate manufacturing processes.
Materials Specifications
Twill Woven Fabric
Two twill woven type of fibers are chosen. They differ in their specific weight, which leads to different geometries. The material parameters of the glass fibers can be seen in Figure 2a shows, schematically, the geometrical structure of the twill woven fabric. In Figure 2b ,c, the cross-sections of the structure are shown for an unloaded and a loaded condition of the fibers. Due to a rearrangement of the filaments into free spaces under load, the compacted thickness can reach low values, which depends on the geometry (specific weight) and the thread count of yarns. 11.4 yarn/cm Figure 2a shows, schematically, the geometrical structure of the twill woven fabric. In Figure 2b ,c, the cross-sections of the structure are shown for an unloaded and a loaded condition of the fibers. Due to a rearrangement of the filaments into free spaces under load, the compacted thickness can reach low values, which depends on the geometry (specific weight) and the thread count of yarns. 
Plain Woven Fabric
A plain woven glass fiber type with a specific weight of 280 g/m 2 is chosen. In Table 2 , parameters for the description of the fabric type are given. The measured initial thickness reaches a value of tfabric = 0.23 mm. In the fiber compaction test, a thickness of t'fabric = 0.13 mm is measured. Figure 3a shows schematically the geometrical structure of the plain woven fabric. Due to the different type of weave compared to the twill weaving technique, the waviness ratio of the plain woven fabric is higher. In Figure 3b ,c, the cross-sections of the structure are shown for an unloaded and a loaded condition of the fibers. The waviness of the fabric occurs after each yarn, so that the drapability is lower than for fabric woven in twill technique. Geometry of twill woven fiber: (a) structure; (b) cross-section unloaded; (c) cross-section loaded.
A plain woven glass fiber type with a specific weight of 280 g/m 2 is chosen. In Table 2 , parameters for the description of the fabric type are given. The measured initial thickness reaches a value of t fabric = 0.23 mm. In the fiber compaction test, a thickness of t fabric = 0.13 mm is measured. Figure 3a shows schematically the geometrical structure of the plain woven fabric. Due to the different type of weave compared to the twill weaving technique, the waviness ratio of the plain woven fabric is higher. In Figure 3b ,c, the cross-sections of the structure are shown for an unloaded and a loaded condition of the fibers. The waviness of the fabric occurs after each yarn, so that the drapability is lower than for fabric woven in twill technique. 
Nakazima Tests

Experimental Setup
To describe the formability of metal blanks, adapted Nakazima tests are performed ( Figure 4 ). Based on the standard DIN EN ISO 12004-2, in which the formability of one sheet is analyzed, two sheets are stretch-formed. Several setups (listed below) are used to investigate the influence of the layer in between on the formability:
• Two sheets without layer in between • Two sheets with lubricant in between (Grease, NLGI2 class) • Two sheets with dry fibers in between (plain and twill woven) • Two sheets with infiltrated (matrix system Elium 150) fibers in between (twill woven) The diameter of the fabrics is 100 mm, which also corresponds to the punch diameter, so that the fibers are not clamped by the blankholder force. The layers are positioned in 0°/90° and in −45°/45° to the rolling direction of the metal sheet (RD, y-axis Figure 4b ). The experimental setup is shown in Figure 4a . With a punch speed of vpunch = 1.5 mm/s and a blankholder force of FBH = 800 kN, the Geometry of plain woven fiber: (a) structure; (b) cross-section unloaded; (c) cross-section loaded.
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Nakazima Tests
Experimental Setup
• Two sheets without layer in between • Two sheets with lubricant in between (Grease, NLGI2 class) • Two sheets with dry fibers in between (plain and twill woven) • Two sheets with infiltrated (matrix system Elium 150) fibers in between (twill woven) The diameter of the fabrics is 100 mm, which also corresponds to the punch diameter, so that the fibers are not clamped by the blankholder force. The layers are positioned in 0°/90° and in −45°/45° to the rolling direction of the metal sheet (RD, y-axis Figure 4b ). The experimental setup is shown in Figure 4a . With a punch speed of vpunch = 1.5 mm/s and a blankholder force of FBH = 800 kN, the The diameter of the fabrics is 100 mm, which also corresponds to the punch diameter, so that the fibers are not clamped by the blankholder force. The layers are positioned in 0 • /90 • and in −45 • /45 • to the rolling direction of the metal sheet (RD, y-axis Figure 4b ). The experimental setup is shown in Figure 4a . With a punch speed of v punch = 1.5 mm/s and a blankholder force of F BH = 800 kN, the specimens are drawn until cracking occurs in the metal blank. In Figure 4b , the used specimen geometries for the different stress states are shown. To achieve different stress states, the width of the specimen is reduced from 200 mm (biaxial) to 20 mm (uniaxial).
Results
The first and the second principal strain of the top sheet are measured by an optical strain measurement system. Figure 5a-c shows the forming limit curves (FLC) for different setups. In Figure 5a , it can be seen that the FLC for the setups without layer and lubricant as layer are nearly identical. The friction condition between the sheets shows no influence on the formability. With a layer of fibers between the sheets, the formability decreases significantly, especially for the specimen with a width of 200 mm (biaxial stress state) and 130 mm. For these stress conditions, a drop of up to 50% of the first and the second principal strains can be observed. With a decrease of the specimens' widths, the drop decreases to nearly 10% for the specimen with the width of 20 mm. In the case of infiltration of the fibers with the matrix system (Elium 150) with a dynamic viscosity of 100 mPas, the strains do not differ significantly from the strains of the blanks with dry fibers in between. From this comparison, it can be concluded that the liquid does not affect the formability, but the formability is affected by the interaction between fibers and blanks. In Figure 5b , the different types of fibers in the direction of 0 • to the specimen orientation are compared. The fabrics (plain and twill woven types) with the specific weight of 280 g/m 2 affect the strain of the blanks in the 200 mm specimen more than the fabric with a very low specific weight of 80 g/m 2 . The drop for this specimen is 28% compared to the drop of 50% with the heavier fabrics. It can be concluded that the specific weight has an influence on the decrease of strains. Furthermore, the type of weaving fibers does not affect the formability as it is done by the specific weight. In the case where the fibers are orientated in 45 • to the specimen direction (Figure 5c ), slight differences can be observed for the specimen with the width of 20 mm. Here, the first and the second principal strains can reach slightly higher (22% for ε 2 and 12% for ε 1 ) values with fabrics orientated in 45 • . It can be concluded that fibers lying between two metal sheets in an infiltrated or un-infiltrated state have a significant influence on the formability of the metal sheet for the region of the biaxial stress state. The loss of formability for the specimen with the width of 20 mm, up to the width of 100 mm (nearly uniaxial strain state), is less than the loss of formability for the strain states in the area of positive second principal strains. Especially the different diameters of the yarns, which result in differences in specific weights, show the highest influence as it can be seen in Figure 5b . The liquid and the orientation of the fibers do not influence the maximum strain significantly.
The strain distribution can give first indications for the lower forming limit. In the center of Figure 6 , one specimen, including the dry layer of fabric after the Nakazima test, is presented. The strain distribution of the blank can be seen on the left-hand side for two different twill woven fabrics with different specific weights. Here, a typical local strain distribution in a cross shape can be detected for the fabrics with higher specific weight. This localization of strain occurs after the cracking of the fibers. After the generation of cracks in the fibers, the metal blanks are able to localize their deformation in these zones. Furthermore, the fibers are able to deform the surface of the metal blanks in direction of thickness, so that an imprint of the fibers' geometry can be detected on the surface (Figure 6 bottom detail). Figure 7 shows, schematically, the physical explanation for the decrease of strain. When using a woven fabric, the orientations of the warp and weft fibers are in 0° and 90°. The best draping behavior of a twill woven type can be reached when a round punch penetrates the fabric and the warp and weft fibers can rotate and move outwards. Thereby, a rotation in the crossing points can occur, so that that the angle α, starting with a value of 90°, becomes different after rotation (angle β). After the locking angle is reached, the fabrics start to wrinkle. The movement of the fiber is inhibited when the fiber is positioned between both blanks. Thus, the typical draping cannot take place anymore. Under loading conditions, when a normal load is applied, the rovings are able to fill free spaces in the woven structure, by changing their round shape to more elliptic or even rectangular shapes. From a certain point of rearrangement, and due to the normal load applied, the woven structure is imprinted on the metal surface. In the case of positive uniaxial strains in in-plane direction (Figure 7b,c) , the hindering of strain of the metal blank is caused by two effects: On one hand, there is a form-fit between fibers and blanks. Due to very low elongation of the fiber, the strain of the blank is hindered. On the other hand, there is the normal friction between the fabric and the blank. Here, just the fibers in direction of the strain can transfer the friction force. Fibers are just able to transfer tensile forces in the direction of fibers. That is why there is nearly no change in strain in the FLCs in the region of negative strains. In case of biaxial stresses, there is one additional aspect for the inhibition of strain: the friction in the direction of the weft fibers.
Hence, for the widths from 130 mm up to 200 mm, 100% more of the fibers are influencing the strain of the metal compared to the uniaxial stress state or states with compressive strains. The loss of the first and second principal strains for the specimens with the widths of 20 mm up to 100 mm is nearly the same. In biaxial stress states, the strain in thickness direction is two times higher as for the directions of stresses, as known from the deviatoric stress and the Levy-Mises equation.
Besides the stress state, the shape of the fibers, which affects the size of the imprints, shows an influence on the formability as well. One reason for the decrease of formability when a metal surface interacts with a dry or infiltrated fabric is the hindering of deformation by friction. Besides coulomb friction, the imprint of the fibers creates a form-fit connection in the contact zone, which is the second reason for the inhibition. This can be seen in Figure 6 , in which the imprint and the characteristic localization of strain are shown. Figure 7 shows, schematically, the physical explanation for the decrease of strain. When using a woven fabric, the orientations of the warp and weft fibers are in 0 • and 90 • . The best draping behavior of a twill woven type can be reached when a round punch penetrates the fabric and the warp and weft fibers can rotate and move outwards. Thereby, a rotation in the crossing points can occur, so that that the angle α, starting with a value of 90 • , becomes different after rotation (angle β). After the locking angle is reached, the fabrics start to wrinkle. The movement of the fiber is inhibited when the fiber is positioned between both blanks. Thus, the typical draping cannot take place anymore. Under loading conditions, when a normal load is applied, the rovings are able to fill free spaces in the woven structure, by changing their round shape to more elliptic or even rectangular shapes. From a certain point of rearrangement, and due to the normal load applied, the woven structure is imprinted on the metal surface. In the case of positive uniaxial strains in in-plane direction (Figure 7b,c) , the hindering of strain of the metal blank is caused by two effects: On one hand, there is a form-fit between fibers and blanks. Due to very low elongation of the fiber, the strain of the blank is hindered. On the other hand, there is the normal friction between the fabric and the blank. Here, just the fibers in direction of the strain can transfer the friction force. Fibers are just able to transfer tensile forces in the direction of fibers. That is why there is nearly no change in strain in the FLCs in the region of negative strains. In case of biaxial stresses, there is one additional aspect for the inhibition of strain: the friction in the direction of the weft fibers. Hence, for the widths from 130 mm up to 200 mm, 100% more of the fibers are influencing the strain of the metal compared to the uniaxial stress state or states with compressive strains. The loss of the first and second principal strains for the specimens with the widths of 20 mm up to 100 mm is nearly the same. In biaxial stress states, the strain in thickness direction is two times higher as for the directions of stresses, as known from the deviatoric stress and the Levy-Mises equation.
Besides the stress state, the shape of the fibers, which affects the size of the imprints, shows an influence on the formability as well.
Numerical Investigations
To analyze the influence of the fibers' shapes on the form-fit connection of a metal blank in the in situ hybridization process, a simplified model is used. As shown in Figure 8a , the surface of a woven fiber is idealized. Based on fibers' parameters in the compacted states (Tables 1 and 2 ) the thickness of the warp and the weft yarn can be calculated. The mass m yarn of one yarn can be calculated with the cross-section area A yarn , the length L yarn , and the density ρ yarn to m yarn = A yarn ·L yarn ·ρ yarn .
(1)
To analyze the influence of the fibers' shapes on the form-fit connection of a metal blank in the in situ hybridization process, a simplified model is used. As shown in Figure 8a, 
Due to the proportionality of mass and cross-section area, and with the parameter thread count n (yarn per cm), which corresponds to the inverse of the yarn's width w, the thickness t of the weft and the warp yarns can be calculated with
and
With the values of the yarns' thicknesses t'warp and tweft, the smallest repeating pattern can be modeled for the plain woven (Figure 8b) , the lighter twill woven (Figure 8c) , and the heavier one (Figure 8d ). According to the specific weight of the fabrics and their thread counts, the thicknesses of their yarns differ from low values of t'weft = 0.0122 mm, for the lighter twill woven fabric, up to t'warp = 0.0375 mm for the plain woven fabric. To avoid difficulties in meshing of the fabrics, the sharp transition zone is mitigated. An idealized transition zone (Figure 8a ) with a width wtz of 0.2 mm is chosen, which corresponds to the maximum element size of the meshed fabric. The components and boundary conditions of the numerical model are shown schematically in Figure 9 . An explicit model with the use of mass scaling is used in Abaqus. A metal blank of 7 × 7 mm 2 with a thickness of 1 mm is meshed with elements of different lengths. In the contact area of blank and fiber, the blank is meshed with solid elements called C3D8R with a length of 0.033 mm. In the contact area of blank and punch, the blank is meshed with solid elements called C3D8R with a length of 0.2 mm. A coulomb friction coefficient of µ = 0.2 is used, which is the average value of the friction between E-glass fibers and aluminum. For the purpose of time efficiency in simulation time, a simple material model is used. The blank is modeled as elastic-plastic material with the material parameters of the AA5182 H111 alloy, which can be seen in Figure 9c . Although this material model is a simple Due to the proportionality of mass and cross-section area, and with the parameter thread count n (yarn per cm), which corresponds to the inverse of the yarn's width w, the thickness t of the weft and the warp yarns can be calculated with t warp = n warp ·A warp n warp ·A warp + (n weft ·A weft ) ·t fabric (2) and t weft = t fabric − t warp .
With the values of the yarns' thicknesses t warp and t weft , the smallest repeating pattern can be modeled for the plain woven (Figure 8b) , the lighter twill woven (Figure 8c) , and the heavier one (Figure 8d ). According to the specific weight of the fabrics and their thread counts, the thicknesses of their yarns differ from low values of t weft = 0.0122 mm, for the lighter twill woven fabric, up to t warp = 0.0375 mm for the plain woven fabric. To avoid difficulties in meshing of the fabrics, the sharp transition zone is mitigated. An idealized transition zone (Figure 8a ) with a width w tz of 0.2 mm is chosen, which corresponds to the maximum element size of the meshed fabric.
The components and boundary conditions of the numerical model are shown schematically in Figure 9 . An explicit model with the use of mass scaling is used in Abaqus. A metal blank of 7 × 7 mm 2 with a thickness of 1 mm is meshed with elements of different lengths. In the contact area of blank and fiber, the blank is meshed with solid elements called C3D8R with a length of 0.033 mm. In the contact area of blank and punch, the blank is meshed with solid elements called C3D8R with a length of 0.2 mm. A coulomb friction coefficient of µ = 0.2 is used, which is the average value of the friction between E-glass fibers and aluminum. For the purpose of time efficiency in simulation time, a simple material model is used. The blank is modeled as elastic-plastic material with the material parameters of the AA5182 H111 alloy, which can be seen in Figure 9c . Although this material model is a simple one, it is suitable in terms of the verification of the physical explanation. Furthermore, it is suitable for the analysis of the influence of the fibers' geometry on the form-fit between metal and fibers. The punch and the fiber are modeled as undeformable parts using the tie rigid body option to maintain the calculation of their strains. In the first simulation step, with a time step of 0.01 s, a pressure is applied on the sheet by the punch. In the second simulation step, the whole sheet is moved in the x-direction for a displacement of 1.5 mm, by using the velocity boundary condition with a speed of v = 500 mm/s (Figure 9b ). For the determination of the force related to the form fit, the output CF N parallel to the fibers surface (x-direction) is used. This is a reaction force in the contact zone. This force is compared with the reaction force induced by shear which is caused by the coulomb friction. In Abaqus, this force is called CF S . one, it is suitable in terms of the verification of the physical explanation. Furthermore, it is suitable for the analysis of the influence of the fibers' geometry on the form-fit between metal and fibers. The punch and the fiber are modeled as undeformable parts using the tie rigid body option to maintain the calculation of their strains. In the first simulation step, with a time step of 0.01 s, a pressure is applied on the sheet by the punch. In the second simulation step, the whole sheet is moved in the x-direction for a displacement of 1.5 mm, by using the velocity boundary condition with a speed of v = 500 mm/s (Figure 9b ). For the determination of the force related to the form fit, the output CFN parallel to the fibers surface (x-direction) is used. This is a reaction force in the contact zone. This force is compared with the reaction force induced by shear which is caused by the coulomb friction. In Abaqus, this force is called CFS. For the verification of the numerical model, the depth of the imprints of the simulation with the depths measured from the experimental compression tests (twill woven fabric with the specific weight of 280 g/m 2 ) are compared ( Figure 10 ). With the increasing of load, the filling of the transition zones (Figure 8a) increases. For the load of 400 MPa, the transition zone is completely filled by the aluminum material. The depths in the experiments are slightly lower, but the results correspond well, in general. For the verification of the numerical model, the depth of the imprints of the simulation with the depths measured from the experimental compression tests (twill woven fabric with the specific weight of 280 g/m 2 ) are compared ( Figure 10 ). With the increasing of load, the filling of the transition zones (Figure 8a) increases. For the load of 400 MPa, the transition zone is completely filled by the aluminum material. The depths in the experiments are slightly lower, but the results correspond well, in general.
For the verification of the numerical model, the depth of the imprints of the simulation with the depths measured from the experimental compression tests (twill woven fabric with the specific weight of 280 g/m 2 ) are compared (Figure 10 ). With the increasing of load, the filling of the transition zones (Figure 8a) increases. For the load of 400 MPa, the transition zone is completely filled by the aluminum material. The depths in the experiments are slightly lower, but the results correspond well, in general. 
Results
The diagrams in Figure 11a -c show the influence of the fibers' shapes and orientations on the maximum reaction forces CF S and CF N . Furthermore, they show the ratio r of the friction coefficients caused by the form-fit (µ CFN ) and caused by shear (µ CFS ). The coefficient µ CFS remains constant with a value of 0.2, while the friction coefficient µ CFN is proportional to the reaction force CF N . The highest friction coefficient µ CFN is reached when movement of the blank starts (sticking condition). The ratio
indicates the influence of the form-fit on the reaction force compared to the reaction force caused by the applied coulomb friction. The force CF S caused by the coulomb friction increase linearly with the applied load. Small differences in the contact areas for the different fibers lead to very slight differences in these forces. The differences are not visible in the diagrams, so that the three curves seem to fit to each other. In Figure 11a , for the fiber orientations of 0 • and 90 • , it can be seen that the ratio r does not exceed 0.15 for the light twill woven fabric. For the heavier fabric, twill and plain woven, the ratio reaches values up to 0.225. In the case of load peaks up to 220 MPa, more than 20% of the reaction forces needed for the beginning of movement are caused by the form-fit effect. After the maximum is reached, the ratio decreases, and the inhibition of movement caused by the coulomb friction increases. It can be seen that the twill and plain woven fibers have their maximum with the same load applied. This corresponds well to the fact that the interlocking is driven by the depth of the valleys between warp and weft roving, which is nearly the same for these two fabrics. The ratio for the plain woven type reaches slightly higher values. In Figure 11b , for the fiber orientations of −45 • and +45 • , the ratio for the plain woven type increases up to a value of 35%. Due to the geometry, there is more contact surface for the interlocking effect than for the twill woven type. For the twill woven types, the ratio increases up to values of 24% (280 g/m 2 ) and 17% (80 g/m 2 ), which is a slight increase compared to the other fiber orientation. This can be seen also in Figure 11c , where both fiber orientations for the twill woven type are shown. An increase of 5% caused by interlocking can be observed, in case the fibers lie at an angle of 45 • . In all cases, the contact forces caused by the interlocking CF N increase with an increasing applied load. The slopes of the curves decrease with higher normal load, due to the fact that the grade of the filling the valleys between the warp and the weft rovings increases. In the 0 • /90 • orientation in Figure 11a , the values of the force CF N for both 280 g/m 2 fabrics nearly fit to each other. Due to the same specific weight, the width of the rovings and the depth of the transition zones are nearly identical. The results of the numerical investigations correspond to the experimental results shown in Figure 5 . In the experimental and the numerical results, nearly no difference in the reduction of formability between both 280 g/m 2 fiber types can be seen. A significant influence of the orientation of the twill woven fibers to the loading direction could not be detected out from the simulations compared to the experimental results.
Conclusions
When forming fiber metal laminates, the fibers can be in contact with the metal blanks in case of:
• high fiber volume fraction, • high contact pressures, which lead to a squeezing out of the resin (polymer), and • forming with dry fibers and postponed injection.
Hereby, the formability of the blanks is reduced, as could be stated by the Nakazima experiments. From these experiments, it could be stated that the friction condition is the leading factor for the reduced forming limit. Furthermore, due to the characteristic strain distribution in blanks and the obvious imprints in the metal surface which are caused by high local normal loads, it could be seen that besides the coulomb friction, there is a kind of form-fit effect between the fabric and the metal blank. For the analysis, a numerical model was used. By using this numerical model, a detailed separation of the frictional and the interlocking effect could be realized. It could be seen that the influence on the movement by the interlocking can reach values up to 35% compared to the one caused by the coulomb friction.
Based on this research, it can be concluded that when using fabrics with high specific weights, a metal with higher yield stress should be used, so that the filling of the transition zones is postponed to higher normal loads. The form-fit effect, in cases where the filling reaches the same values, is more dominant for a high strength material than for a softer one. Additionally, to reduce the effect of the form-fit, high normal loads, as they can be achieved in radii, should be avoided when forming fiber metal laminates. 
